the many hours of study at Pembroke alone in his room by lamp light that set a pattern for his future.
The other custom of Frazer's that first showed itself at Pembroke was his agility as a climber. The customary 'vertical' layout of students' rooms in men's colleges around unconnected staircases has always invited the use of unofficial 'horizontal' routes by way of roofs or window-sills, and Frazer soon found that his tall slim build was just right for such journeys. From the walls and roofs of Pembroke to mountain climbing proper was, especially at the time, a natural enough step. The Edwardian era saw a great surge of enthusiasm for mountain climbing among undergraduates; and from this came the first climbers of Everest. Frazer was caught up in the surge and for over a decade devoted his holidays almost wholly to climbing, first in North Wales, Cumberland, and the Isle of Skye and later in Switzerland. So he came to climb with Odell and other famous climbers, who were later to essay Everest; and so, to his great satisfaction, he came to be elected to the Alpine Club of Great Britain in 1921. Frazer's career at Cambridge won him a First Class in the Mathematical Tripos (part I), and in 1912 he became a Wrangler and Rayleigh Prizeman. But in spite of his mathematical powers, his naturally quiet and studious habits seem to have left little impression on the College authorities, and remembrance of him is much more hazy there than would be expected by those who knew him later in life.
The First World War saw Frazer at the National Physical Laboratory, where he was appointed to the Aeronautics Section of the Engineering Department (now the Aerodynamics Division) in 1914, and this remained his working home until his retirement in 1954. He was at first engaged in theoretical work on viscous flow and in related water tunnel experiments, and though this work did not last long it caught his imagination so that on occasions much later in life he would sometimes, when moving from one field of work to another, express a hankering to return to his first love, remarking that the truth of the matter was that he was 'heart and soul in fluid motion'.
The war saw the growth in this country of a lively interest in rigid airships and Frazer, together with J. R. Pannell, C. W. Duffield, H. Bateman and others of the young men then in the Aeronautics Department, became engaged in a well-known series of full-scale experiments on the performance of airships. This work lasted from 1918 to 1921, during which time Frazer took part in trials of H.M.A. R.29, R.32, R.33, R.36, R.38, and R.80. In spite of the difficulties of such full-scale work under rather primitive con ditions, a great deal of knowledge was gained on aerodynamic scale effect and on the drag, lift, and yawing moments that act upon airships. Recalling some of the difficulties, Bateman has remarked: 'goodness knows how many hours we spent going round in circles with the rudders locked at different angles. In R.32 our efforts to correlate model and full-scale by turning circles were shattered when we discovered that the airship-made of wooden girders-had a pronounced bend when any rudder was applied.' In the R.36, which was to have been the first passenger-carrying British airship, on a trial flight circuiting London, Bath and Manchester, lunch for the experimenters was interrupted 'when an elevator collapsed and the airship nose-dived. First, apples rolled from the rear tables towards us, then crockery, then everything that was loose, and finally Captain Scott (who was lunching at a rearward table) came forward grasping the "upright" supports, which were then at about 40 degrees from the vertical, looking like Tarzan of the Apes. Luckily, the officer in the control room had taken prompt action, stopping engines and discharging nose ballast and, after some commotion, we crawled back to base at about 15 m.p.h., our horizontal trim being governed by the movement of men from station to station along the gangway. ' As any who were engaged in airship work will remember, the aspect of early airship operation that seemed to call for the greatest improvement was the matter of launching and landing. Frazer was always keen to try to overcome the difficulties here, and designed, with L. F. G. Simmons, a threewire mooring system which was patented but which, beyond a few trials at Pulham, Norfolk, was never used in practice. The above-mentioned Captain Scott, who afterwards became, as Major Scott, the best known of British airship commanders, was later to solve most of the launching and landing problems by the introduction of the rigid mooring mast, of which the British example at Cardington was for long a landmark in Bedfordshire.
This phase of Frazer's work was brought to a sudden end by the catastrophe to the airship R.38 over the Humber in 1921. Frazer himself was not on board at the time, but his colleagues Pannell, Duffield and Bateman were, and only the last named survived. It was appropriate that in due course the R.38 Memorial Prize was founded by the Royal Aeronautical Society and that Frazer was in 1925 the third recipient for his essay on full-scale work on rigid airships.
In 1921 a number of young Oxford graduates were planning an explora tion to Spitzbergen, and Frazer, who knew some of them through his climbing and ski-ing activities, was invited to join them. As a result there began in 1921 the first of his three visits to Spitzbergen, culminating in the relatively substantial exploration of 1924 that is well described by its leader, George Binney, in his book With seaplane and sledge in the Arctic (Hutchinson, 1925) . This Oxford University Arctic Expedition comprised 25 men, of whom three (including Frazer) had already been on the smaller 1921 and 1923 expedi tions. Three sledging parties set out on different routes and duties from the base at Liefde Bay, at the entrance to Wahlenberg Bay, North East Land; and one of these was led by Frazer. He served also as a surveyor to the expedi tion.
Frazer was in charge of the central sledging party and, as Binney has said, 'He was the mountaineer of the party and with his previous year's experience of sledging in New Friesland it was natural that he should be in charge. It was equally natural that the other three (in the party) should rely implicitly on his good judgement, whether in choosing the best route or in leading across badly crevassed country. To use a metaphor of the Stock Exchange, Frazer was a gilt-edged security, and, while stock of this nature usually gives a small return, Frazer's survey work has been one of the main dividends of all three Oxford Expeditions.' This is not the place to discuss the direct achievements of the expedition, but it is of scientific interest to look down the list of names of these young explorers. Among them are no less than four who have since become Fellows of the Society and one of these (Dr H. Florey, medical officer to the 1924 expedition) is now our President. Frazer was not the only man released for this work by the National Physical Laboratory; E. F. Relf served officially as Physicist, Surveyor, and Assistant Wireless Operator and unofficially and characteristically as an invaluable jack-of-all-trades as well.
In 1922 Frazer published a paper on the topographical work of the 1921 expedition and another of his colleagues on that occasion (N. E. Odell) gave a paper on the geology of the expedition. As Professor J. S. Huxley (himself a member of the 1921 expedition) said in the discussion of these papers by the Royal Geographical Society, the expedition gave 'an excep tionally good opportunity of studying, within the boundaries of one small country, what the state of the British Isles must have been at different periods during their emergence from glacial conditions'.
In 1923, just before his second Spitzbergen journey, Frazer married Alice Goldie, herself then on the staff of the National Physical Laboratory, and although in later years his more exciting climbing and exploring activities drew to a close, he and his wife still enjoyed a long series of holidays among the mountains and in the snows of the Alps and elsewhere.
During his early years at the N.P.L. the current interest of aeronautical engineers centred on the study of laminar and viscous flow. L. Bairstow and R. V. Southwell, successive Heads of the Aerodynamics Division, wfere both drawn into these flow problems and with them, a number of the younger members of their staff. Frazer became specially interested in the theory of viscous flow around idealized bodies such as circular cylinders, an interest that culminated in his first paper to the Royal Society. It was during this time, according to his close colleague, J. L. Nayler (who was later the Secretary of the Aeronautical Research Council for many years), that Frazer first saw the possibilities of matrix methods and set about making himself a master of the then little known technique. From his work in this field, also, came his deep understanding of vortex motion that later bore fruit in his work on the aerodynamic derivatives of flutter theory.
The occurrence in 1916 of violent oscillations of the tail of a new Handley Page bomber aircraft led to the earliest study of what is now known as 'flutter'. As a result, this trouble was attributed to antisymmetrical oscilla tions of the two halves (unconnected) of the elevator coupled with torsion of the fuselage. From this investigation, originally reported on by Lanchester, Bairstow and Fage, sprang the long series of researches on aeroelasticity at the N.P.L. led by Frazer. His first publication in this field, 'An investigation on wing flutter', appeared in 1926. This discussed the problem of the flutter of a biplane in terms of wing flexure and aileron motion, and developed and widened an earlier exploration by Bairstow in 1925. Using linear equations of motion in the form originated by Bryan and developed by Bairstow and Nayler for the discussion of the rigid body stability of an aeroplane in flight, Frazer was able to make an approximate estimate for critical flutter speed that agreed reasonably with practical experience on the aircraft concerned. He showed too that for such a biplane mass-balancing of the ailerons would remove the tendency to flutter.
W. J. Duncan joined him at this time and a variety of wing flutter prob lems were investigated by one or the other in rapid succession, and as a result came the A.R.G. R. and M. 1155 ('The flutter of aeroplane wings') a joint work that has ever since been used and known among British workers in aeroelasticity as the 'flutter bible'. Frazer was now at the top of his form; there followed, either by himself alone or with others, no less than eighteen papers in the field of flutter between the years 1928 and 1946; and derived there from some six papers on mathematical matters of wider scientific interest.
Reviewing the outcome of this flutter work-undoubtedly the period of Frazer's greatest achievements-there appear to the writer a number of advances both to the subject and to applied mathematics that can fairly be attributed largely to Frazer himself, though much of his work, to the outside observer at least, was so closely linked with that of Duncan and A. R. Collar as to make separate allocation difficult.
In the first place, in his earliest flutter work, Frazer appears to have been so impressed with the disabilities of Routh's stability criteria for small motions as to be one of the first to seek stability tests of a more convenient and com prehensive kind. Work on this with Duncan during the first two years of their collaboration resulted in their Royal Society paper on 'Test functions' for the stability of small motions. These functions were much used during the next decade, and still remain in use among some British flutter workers.
A second development largely originated by Frazer, though from the literature attributable only to Frazer and Duncan jointly, is the notion of representing an elastic wing, with its infinite number of degrees of freedom, by a 'semi-rigid' one with a finite number (small) of degrees of freedom selected to suit the flutter problem concerned. It might be argued that such an idea was inherent in the Rayleigh-Ritz method for finding the natural frequencies of an elastic body, but Frazer and Duncan developed and formalized their semi-rigid approach in physical and mathematical terms to treat of problems beyond the aims and scope of the original Rayleigh-Ritz process. It could now be argued, perhaps, that in its original form its use has largely been relegated to the teaching and understanding of flutter problems rather than to their solution in practice; but even if this were generally true the place of the semi-rigid idea in the British history of the subject is a major one.
o
The third aspect of his flutter work has been of more widespread and general value, and is still very much alive, not only in aeronautical science, but in engineering science generally. The application of matrices to engineering problems in this country was largely initiated by Frazer, though Duncan and Collar of course made substantial contributions as theN.P.L. work progressed. The whole led to the writing and publication of Elementary matrices by Frazer, Duncan and Collar, in 1938. This almost immediately became a standard textbook among applied mathematicians and engineers, not only in this country but internationally, and has, somewhat surprisingly having regard to its ad hoc and non-didactic form, remained so ever since. Frazer's work has thus had a major effect upon subsequent work on vibration problems, both in their aerodynamic and structural aspects, particularly in this country.
A further point regarding this main field of Frazer's work relates to his treatment of the aerodynamics of aeroelastic problems. Starting with the notion of constant aerodynamic coefficients as in the linear theory of aero plane stability, he and his colleagues successfully built into the machinery of flutter speed prediction the use of aerodynamic derivatives that not only varied with forward speed but also provided for the effects of vorticity as first analyzed in this country by Glauert. And although it was left to Duncan and Collar, H. A. Jahn and W. P. Jones to expand this process as a working tool and to allow first for compressibility and later for supersonic flow, the framework owed much to Frazer himself.
A last point may be made here regarding Frazer's work on linear systems. He became interested in the effects of solid friction and produced, with Collar, a series of unpublished A.R.C. papers that were later incorporated in the last three chapters of their book with Duncan. This describes the first comprehensive treatment of this dynamical problem of 'ankylotic' motionFrazer's apt term for motion in which friction causes the 'sticking' of a degree of freedom.
By the end of the Second World W ar this major and most fruitful period of Frazer's life was at an end and was recognized by his election to the Fellow ship of the Royal Society in 1946. Thereafter, like a number of his colleagues in the flutter field, he turned his attention to other, though related, problems. The end of the war saw the revival of a scheme for building a suspension bridge across the Severn at the narrows above Bristol to serve as part of a major motorway to South Wales. But by this time suspension bridge designers were acutely aware of the danger of aerodynamic oscillations of such bridges in cross-winds, for their world, and indeed the public at large, had been severely shocked in 1940 by the spectacular and much publicized collapse of the Tacoma Narrows Bridge in America. Scientific investigations as to the causes of the catastrophic oscillations that then occurred were already under way in America and interest was arising in this country also. It thus came about that, to help in the design of the proposed Severn bridge, Frazer was called upon by the Ministry of Transport to undertake extensive model experiments related to the proposed design.
Frazer entered upon this work with enthusiasm and soon had an excellent team, headed by Scruton, at work. All the characteristics that his earlier colleagues had come to expect of him were brought to bear. After a most thorough (and original) examination of the dimensional similarity conditions to be met by such a model, he launched upon the design of a large model (some 50 feet long) of the proposed bridge, and also guided the design of a special low-speed wind tunnel to test this specimen in an aircraft hangar at Thurleigh, near Bedford. At the same time he himself developed a very gen eral theory-in matrix form-for predicting the natural frequencies of a suspension bridge with a deck constructed to have substantial torsional stiffness (then a new feature of suspension bridges).
Whilst this work was in hand, a whole series of sectional models of different designs of bridge deck were constructed and tested in the N.P.L. tunnels to examine the effects of different design features upon their aerodynamic stability when given freedom, elastically restrained, in vertical and torsional motion. From this he was able to confirm, and give some quantitative judge ment upon, the tendency for 'solid web' plate girders to give rise to oscilla tions associated with eddy-shedding under cross-winds, and to establish the relative freedom from such oscillations of decks with open-web trusses for their main girders. From this work too came a demonstration of the value of longi tudinal gaps or slots in the floor of a bridge deck to minimize any tendency to oscillate under cross-winds.
With this knowledge in hand, the first designs for the bridge were modified to incorporate the best anti-oscillation features so found, and the large model was completed accordingly. In the actual testing of this model at Thurleigh, Frazer's ability to lead a team, first demonstrated in his sledging in Spitzbergen, came again to the fore. Housed under primitive conditions in R.A.F. huts on a deserted and lonely airfield, Frazer's team set about the job of calibrating its special tunnel and testing its huge model with a thoroughness and happy spirit that struck every visitor. At any moment Frazer was just as capable of cooking breakfast for the party with a minimum of equipment as of discussing the niceties of ensuring the proper aerodynamic form of details on the model or of satisfactory flow in the tunnel. The whole job was a tour de force that was a triumph for the limited staff, money and time available, and that provided a sound background for the design of the Severn, and now the Forth, Suspension Bridge.
With this work on suspension bridges Frazer's scientific career effectively closed; and so it came about that although he gave occasional thought during the decade following the war to his first love-fluid motion-he was never able to make any substantial contribution in that field. He was not alone in this; others in the early group under Bairs tow were, like Frazer, drawn away by circumstances into other activities and never able to return. So the major advances in the field of fluid mechanics that they had hoped to lead fell largely to the hands of other people.
On his retirement in 1954, Frazer energetically devoted himself to garden ing on quite a large scale. At his home at Ockham he created, almost from scratch, a garden designed and planted in a manner worthy of Kew; and all his friends viewing his hard work there and his tall thin frame apparently still so vigorous, thought and hoped he would have a long and happy retire ment in the company of his wife and children. But it was not to be; he fell ill during the autumn of 1959 and died on 10 December that year at the age of 68.
Outside the committees of the Aeronautical Research Council, Frazer never took a very active part in scientific bodies. He was a Fellow of the Royal Aeronautical Society and of the Institute of Aeronautical Sciences; but his energies as a committee man were mainly devoted to the Mechanics Committee, and its Oscillation Sub-Committee, of the A.R.C. He was a member of both of these when they started and was particularly valued and respected by all the members of the Oscillation Sub-Committee, to whose affairs he contributed so wisely over the years.
As will have been gathered from this account of Frazer's life and work, he was a man of many admirable qualities. If what has been written makes him appear to have been an excellent leader of a small team of scientific workers, this is true; but he was more than that, he was a lovable colleague of older as well as younger men; and all who worked alongside him enjoyed his quiet humour, his unruffled good temper, and even his habit of perpetually relighting his pipe with matches. In his work he was always a strict mathe matician first, seeking general and accurate rather than qualitative or approximate solutions, and only turned to experimental and engineering approaches second and with less assurance; in his person he was always the best of friends.
Frazer leaves with his widow, one son and two daughters. To the former I am greatly indebted for information concerning her husband's early life. I have also to thank especially Professor A. R. Collar and Mr A. Fage, F.R.S., for much helpful information and comment during the preparation of this memoir. I must thank too Frazer's old colleagues, E. F. Relf, F.R.S., J. L. Nayler and H. Bateman, and his younger colleague, W. P. Jones, for their valuable letters and papers on particular aspects of Frazer's career.
Finally, it is to be recorded with regret that this memoir has been written by myself only because Frazer's closest scientific friend, Professor W. J. Duncan, F.R.S., died before he could do more than collect information upon which to base a memoir to be written by himself. I have been much indebted to the material that thus came to hand.
